The Ethiopia and Zaire events exhibit normal faulting as would be expected for their rift zone locations. The 1968 May 15 Zambia event is unusual in that P-pP separation times place its focus in the lower crust (28km) which may be below the brittle/ductile transition zone implying high strain rates. Inversion yielded a high angle normal fault. The depth and focal mechanism of this event, along with the mechanism for the 1968 December 2 Zambia event, suggest southwestward rift extension. Teleseismic long period vertical P-waves from the South Africa event exhibit distortions that may be attributed to lateral inhomogeneities in the source structure.
INTRODUCTION
The East African Rift was one of the first tectonic features attributed to the extension of the Earth's crust. The rift system has been studied by many authors (McKenzie, Davis & Molnar 1970; Fairhead & Girdler 1971; Maasha & Molnar 1972; Shudofsky 1985) who have attempted to determine stress regimes and the subsequent continental deformation by studying the focal mechanisms of large magnitude earthquakes. We have, similarly, determined focal mechanisms for five large magnitude East African earthquakes. But unlike the previous studies, we have used body wave inversion to determine the moment tensor for each event, and calculated source parameters assuming a deviatoric point source. We were also able to obtain information about source crustal structure by matching source area crustal phases in the observed data.
The five events studied here, combined with previous studies, suggest that the African continent is undergoing east/west extension from the Afar region to approximately 25 "S. The Ethiopia event suggests that stress orientation in Afar is identical to that observed in the Red Sea. The mechanism for the Zaire event supports the postulated tension field in the northern part of the Western rift. The two Zambia events, particularly the 1966 May 15 event, provide evidence for southward rift elongation.
In addition to tectonic implications derived from the focal mechanisms, secondary features in the waveform data are interpreted to yield information about near-source crustal structure. In particular, distorted P-waves from the nearly pure strike-slip South Africa event are attributed to lateral heterogeneities in the crustal structure near the source. Also, crustal thickness near the Ethiopia event can be constrained by reverberations seen in the P-wave data.
METHOD OF ANALYSIS
Long-period WWSSN P-and S-wave data were used in this study. Vertical P-, and NS and EW S-wave seismograms were photocopied from 70mm film chips. Each trace was digitized along its top and bottom, linearly interpolated with a quarter second sampling interval, and then averaged (top and bottom digitizations) to ensure smooth waveforms. The NS and E W data were rotated into their theoretical back azimuth to obtain the radial and tangential components of displacement.
For a detailed discussion on inversion, the reader is referred to papers by Wiggins (1972) , Jackson (1972) , African rift system, with some of the lakes associated with rifting, and lower hemisphere projections of fault mechanisms determined in this study (black = compression). Langston (1981) , and Barker & Langston (1981) . Briefly, the inversion involves determining the parameter change matrix [AP] in the matrix equation A A P = A c . A is the matrix of partial derivatives of the synthetics with respect to each parameter. The AC matrix is the difference between the synthetic seismograms, computed using our starting parameters, and the observed data. The A matrix is computed analytically using the equations for the synthetic seismograms and the Green's functions calculated for an assumed focal depth and source structure (see Barker & Langston, 1981) . Singular value decomposition was used to determine the inverse of the A matrix. Inversions were run using Green's functions for several source depths, with the best source depth given by the inversion yielding the lowest least-square error. The Green's functions and synthetic seismograms used in the inversion were computed using methods given in Langston & Helmberger (1975) . Figure 2 compares P-wave lower hemisphere focal spheres obtained by inversion to those obtained by previous authors. A more rigorous comparison would be to compare our synthetics with those generated using each of these mechanisms. Unfortunately, this is not possible without all the parameters associated with the existing mechanisms (depth, time function, etc.). Tables 1-4 give, with error Sykes (1967) , (b) this study. 3: Zambia (May)--(a) Fairhead & Girdler (1971) , (b) this study. 4: Zambia (December)-(a) Fairhead & Girdler (1971) , (b) this study. 5: South Africa-(a) Maasha & Molnar (1972) , (b) this study, (c) Fairhead & Girdler (1971) (Aki & Richards 1980; Menke 1984) . Our Au, were computed assuming 10 per cent error in the data amplitudes. Because of the importance of the singular values, we have also included the condition numbers (ratio of highest and lowest singular values) in Table 3 . Damping can be included by specifying a cut-off value beyond which the singular values are assumed to be zero. While. this will help minimize the Au,, it also causes our system to be underdetermined, and the resulting solutions to be non-unique.
All of our resolution matrices were identity matrices. This implies perfect parameter resolution in a least-squares sense. Fig. 3 illustrates how the LSE fit, the numerical measure of the goodness of fit between the data and the synthetics, varied with source depth for each event. Our final focal depths were those corresponding to the minimum LSE for each event.
Unfortunately, the above mentioned inversion error estimates give little insight into the actual validity and/or uniqueness of our solution; they simply tell us how well the inverse operator performed its task. Much of the error involved is the result of representing a complex source with an ideal source model.
The moment tensor itself can be interpreted in terms of double couple mechanisms in many ways. For this study, the moment tensor was rotated into its principal axes, and decomposed into a single double couple and a CLVD. The pressure and tension axes of the double couple are used to infer strike, dip and rake. The per cent CLVD (see Table 3 ) is interpreted to give a measure of the validity of the point double-couple source model. Schematics of the source time functions are included in the diagram for the Zaire event to show how both the time function simplicity and the LSE fit were used to determine the best focal depth for each event. These time functions also illustrate the trade off between source depth and source time function duration (each bar represents a one second boxcar), with the deeper sources having shorter time functions. Negative time function elements associated with a perfect (identity) resolution matrix illustrate shortcomings in the source representation (i.e. point double-couple).
This study contains several examples of problems that can occur when using body wave inversion, or waveform modeling in general. As previously mentioned, a significant trade-off exists between source focal depth and source time function duration. Previous mechanisms for some East African earthquakes were determined by assuming a source time function, and changing the source depth to match the observed waveforms. We disagree with two previous mechanisms obtained in this manner. The source structure investigation carried out concurrently with the inversion for the Ethiopia event illustrates how errors can appear by assuming that the source structure is known. And the need to use both P -and SH-waves is illustrated in the inversion for the May 15, 1968 Zambia event.
s q u a r e e r r o r (1970) were the first to determine a mechanism for this event. Their solution has nodal planes that strike 333", dip go", and strike 63", dip 70"SE. Based on observed ground displacement, they concluded that the event lies on a right-lateral transform fault (strike 333") that joins the rift valley and the Gulf of Tadjura. Fairhead & Girdler (1971) , conversely, choose the 63" striking plane because of reported ENE trending aftershocks; their choice is consistent with the rotation of the Danakil horst away from the Nubian Plate. These two interpretations illustrate the opposing views of the tectonic situation in the Afar region. Our fault planes are slightly different from those obtained by McKenzie et al., with strike 327", dip 69"E, and strike 7 T , dip 49"SEE ( Fig. 4a, b) . The strikes of our planes are close to those of McKenzie et al., but the actual motion along these planes is different. We arrived at a focal depth of 4 km using a modified (27 km thick) Gumper & Pomeroy (1970) crustal model (see Table 5 for original model).
Republic of Zaire-3/20/66; 1:42:51; OSS'N, 30.03'E Sykes (1967) used the first motion of P and PKP phases from long-period records, or short-period records where no long-period data were available, to determine a mechanism for this event. His fault planes strike 1 4 , dip 40"W, and strike 32", dip 52"E. Wohlenberg (1966) reported a fault with a 40 km extent and 30-40 cm of vertical displacement, with the western side moving up relative to the eastern side. No horizontal displacement was observed. Loupekine (1966) reported a 15-20 km rupture striking NNE with a throw of 2 m-down throw to the east. Based on these reports, Sykes selected the plane striking 14" as the primary plane. The tension axes for this mechanism lie nearly perpendicular to the strike of the rift. None of these authors attempted to determine a depth of focus.
First motion P data alone is insufficient to constrain the nodal planes for this event-this is also true for the two Zambia events. In such instances, inversion yields more reliable results by modeling later arrivals as well as the first motion. Nonetheless, our solution is almost identical to that of Sykes. The two planes we obtained have strike 45", dip 45"SE, and strike 213", dip 46"NW (Fig. 5a, b) , respectively.
A depth of 10 km and a long time history (16 s) gave the best LSE fit during the inversion. The crustal model used for this event was 9 km thinner than that determined by Gumper & Pomeroy (1970) .
The focal depth for this event provides an excellent example of the focal depth/time function duration trade-off. Long-period P-waves from this event suggest the source may be much deeper than 1 0 k m -o u r best fit focal depth-because of the separation of two arrivals which could be interpreted as P and pP (Fig. 5a) . The separation between these phases is approximately 12s indicating a source at nearly 36 km. This is well below the assumed crust for this area, and would cause problems in the tectonic interpretation. Shudofsky (1985) obtained a 29 km focal depth using waveform modeling-P body waves only. Our modeling revealed that it was possible to fit the observed P-waves using a shorter time function and a source depth of 35 km. This caused an ambiguity which was resolved with the SH data. SH synthetics computed using a 35 km focal depth exhibit very distinct SS arrivals that do not appear on the observed data. We have concluded that the 16s time function associated with a 10km source depth includes multiple shocks and does represent the overall time history for this event. The ambiguity caused by using only P-wave data illustrates one of the problems that can arise in inversion and body wave modeling. The two solutions obtained using Fairhead & Girdler (1971) obtained a normal fault striking NNE using first motions of long-period P and PKP phases for this event. No surface rupture was reported, but this solution is in good agreement with northeast trending faults in the area. Unfortunately, P-wave first motions alone put almost no constraints on these fault planes. Fairhead and Girdler did not determine a depth of focus. Inversion yielded a nearly pure dip-slip fault with a 28 km depth of focus. pP-P separations on long-period P-waves at teleseismic distances suggest that this event occurred at moderate depth-this was previously noted by Chen & Molnar (1983) [30 f 5 km] and Shudofsky (1985) [27 km].
Similarly, the short-period records are a textbook example of how pP-P intervals can be used to determine focal depths (Fig. 6 ). While this event is shallow in seismological terms, its depth is 3-7 times greater than that of the other 4 events in this study. Inversion yielded a high angle, nearly pure dip-slip normal fault with a strike of either 49" (dip 40"SE) or 238" (dip 51"NW), and a 5 s source time function (Fig. 7a, b) Fairhead & Girdler (1971) used first motions of P and P K P phases to obtain a mechanism for this event. Their planes have strike 27", dip 38"ESE, and strike 57", dip 55"NW. This normal fault mechanism has a strike similar to the May 15, 1968 Zambia event which occurred approximately 350 km to the southeast. There were no detectable aftershocks, and no attempt was made to obtain a depth of focus. As with the previous event, this mechanism cannot be constrained with P-wave first motions or observed surface rupture.
Inversion yielded a nearly pure normal fault (Fig. 8a, b ) with a strike of 20" (dip 4O"ESE), or 207" (dip 50"WNW). A focal depth of 6 km and a 7 s time function yielded the best LSE fit. The mechanism for this event has been studied by several authors (Fiarhead & Girdler 1971; Maasha & Molnar 1972; Green & McGarr 1972; Shudofsky 1985; Nowack 1986 ). Each study agrees that motion is strike-slip (Fig. 2) , but the depth of focus is a source of controversy.
Using P-wave first motions, Green & McGarr (1972) concluded that motion was almost pure strike-slip with nodal planes at 42" and 131". A significant difference exists between the fault planes inferred from first motion studies, and those inferred from aftershocks which strike approximately N61"W with strike 131" and dip 88". There was no observed surface rupture. Green & Bloch (1971) determined a maximum depth of focus of 10 km using S-P intervals and aftershock data.
Inversion yielded a nearly pure strike-slip fault (dip 88", or 89") with a strike of 124" or 217" (Fig. 9a, b) . As with the May 15, 1968 Zambia event, direct and surface reflected phases, sP-P for this event, were used to determine a focal depth of 3-4 km (Fig. 10) . Geologic maps show faults in the area with strike approximately 130". The nodal plane with a strike of 124" was, therefore, chosen as the actual fault plane. A 32 km thick crustal model was used in all computations for this event.
Some very peculiar problems arose during the inversion for this event. Because a focal mechanism can be obtained by using P first motions, it should follow that P-waves alone could be used in the inversion to obtain a reliable solution. This was, however, not the case. Inversions run using solely P-wave data resulted in mechanisms that did not agree with P-wave first motions. Inversions using only SH data, however, yielded solutions that were consistent with both P and SH first motions. The final solution obtained using both P-and SH-waveforms is consistent with all first motion data. This problem was very puzzling and may be the result of complexities in either the mechanism and/or the source crustal structure.
Langston (1977) notes that teleseismic P-waves radiated from sources whose radiation pattern varies rapidly with azimuth (e.g. strike-slip faults) can be greatly distorted by dipping structure at the source. This is particularly true for stations located near the nodal planes. We assumed this to be the cause of poor P-wave inversion results and poor P-wave fits. Synthetics were computed assuming a dipping interface to explore the effects of this structure on the waveforms. Results will be discussed in a later section. Shudofsky (1985) modeled P-waves, with a 45" range in back azimuth (342"-27"), to fix the focal depth at 30 km. His mechanism concurs with the nearly pure strike-slip mechanisms obtained in other studies, but he too encountered problems in modeling the complex body waves with the simple source properties assumed for other African events. He attributes the complex waveforms to source directivity, multiple sources, or unusual source structure.
Because some of the long-period P records were low amplitude and had very poor signal to noise ratios, picking reliable first motions required careful attention. Shortperiod records, when they were avilable, were used to determine the arrival times for both the P and S waveforms. Similarly, long-period records from stations KOD, NDI, and SNG (Fig. 9) , in particular, have 'arrivals' that may be interpreted as P and sP; their separation suggests a 9 km source depth. Nowack (1986) obtained a 11 km source depth which is not substantiated by the long-period SH data, nor the short-period P or S data; this is also true of Shudofsky's 30 km focal depth. A 9 km, or deeper, source is, therefore, ruled out in favor of the shallower focus determined from the short-period records and the LSE fit from the inversion.
DISCUSSION

Afar region
Several plate motion configurations have been postulated for the Afar region. Earthquakes in this region are attributed to axial spreading (Girdler 1977) or northeasterly Mohr's (1967) WSW-ENE cross rift lineaments were found to be non-existent. Conversely, a 'tremendous quantity' of young, still active NNW trending normal faults were observed. Knetsch (1968) led another party to the same region and mconcluded that Afar is spreading in a WSW-ENE direction in the northern reaches, and in a SW-NE direction to the south. Barberi et al. (1972) . reported that the Afar depression exhibits only normal faults.
Based on the above observations, it appears that previous mechanisms are misinterpretations of the situation in northern Afar. While McKenzie et al. (1970) chose a plane with the correct strike, their dip and rake appear to be incorrect; faulting in the area consists of normal faults. And while Fairhead & Girdler (1971) cite ENE trending aftershocks to delineate the actual plane, the young, active NNW trending normal faults are better indicators of the primary and the auxiliary nodal planes. Our preferred mechanism for the 1969 April 5 Ethiopia event has strike 327" and dip 69"NE (rake -45").
Several crustal models were tested for validity during the inversion for each event. Griffiths et al. (1971) proposed a 20 km two layer model similar to models for Iceland. Bonjer et al. (1971) have a two layer model, with the crust extending to a depth of 40 km. Gumper & Pomeroy (1970) suggested a 3 layer, 36 km thick crust.
All three models mentioned above and two additional models, modifications of the Gumper & Pomeroy model, were used in synthetic waveform computations (Fig. 11) . A model similar to Gumper & Pomeroy's, but 9 km thinner, was required to match the observed source crustal reverberation phases, particularly for waveforms of the type observed at NDI and CHG. The 27 km thick crust (model 1 of Fig. 11 ) used crustal thinning.
for this event is consistent with postulated
Central Africa
The second region we examined encompasses the Zaire event of 1966 March 20 and both Zambia events (1968 May 15 and 1968 December 2). The Zaire event is located within the Western rift, while both Zambia events are associated with seismicity caused by possible southward continuation of the rift.
Two independent micro-earthquake studies (Rhykounov et Maasha 1975) have shown the Ruwenzori region to be one of the most seismically active areas in the rift system. This area of the rift is often used to suggest similarities between the mid-oceanic spreading centers and the African rift system (Baker, Mohr & Williams 1972) . Volcanism, seismic velocities, attenuation, gravity anomalies, and seismicity suggest or are consistent with the presence of lateral discontinuities in the lithospheric mantle (Maasha & Molnar 1972) . Micro-earthquake data indicate a prevalence of E-W tensional stresses (Maasha 1975 ). These observations suggest that the 1966 March 20 Zaire event occurred in a region that is undergoing E-W extension.
Observed ground displacements can be used to determine which nodal surface is the primary plane. While the two reports of surface faulting disagree as to the actual extent of faulting, both agree that the western side of the fault moved up relative to the eastern side (Loupekine 1966; Wohlenberg 1966) . We have, therefore, chosen the plane with a strike of 45" and a dip of 45"SE as the primary fault plane. This high angle, mid-crustal normal fault demonstrates that crustal extension is occurring in this region.
A 27 km crustal model was used for this event. As with the Ethiopia event, it is reasonable to have a thin crust in this area because of suspected crustal extension and thinning. In any case, crustal thickness has little effect on the SE synthetic waveforms. The two Zambia events are located in a region that is under scrutiny for some proof of southward rift extension. Fairhead & Girdler (1969) were the first to suggest southward extension. They postulated that the rift followed Lakes Tanganyika and Mweru, continued southward through Zambia roughly along 26"E, to as far as 24"s. Several other workers (Reeves & Hutchins 1975; Scholz, Koczynski & Hutchins 1976; Chapman & Pollack 1977) have subsequently expressed their views on the possibility of rift growth.
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There is a growing amount of evidence supporting the rift extension theory. To the south of the Zambia events, in Botswana, Reeves & Hutchins (1975) detected a linear feature they named the Kalahari Seismicity Axis (KSA). The location of this feature was determined by seismicity data and supported by photogeological features. The KSA strikes NE-SW and divides the Bouguer anomaly map of the area into areas of distinctly different textures. The authors used this zone to demonstrate the existence of tectonic instability in the heart of the continental plate.
Scholz et al. (1976) note a zone of seismicity that runs southwest from Lake Tanganyika through Lake Mweru and then south through central Zambia to northern Botswana.
Micro-earthquake activity in this area is higher than that in Ethiopia, and comparable to that observed along the main rift valleys of east Africa. Active normal faults with northeasterly strike provide evidence of a recent onset of rifting attributed to southward propagation of the rift. Chapman & Pollack (1977) suggest that heat-flow anomalies in Zambia are due to a thinned lithosphere in west and central Zambia. Additionally, incipient rifting may be the cause of a long wavelength negative Bouguer gravity anomaly to the SWS of Lake Tanganyika. Similar negative gravity anomalies that coincide with surface rift features in east Africa have been attributed to regions of thinning in the lithosphere. Maasha & Molnar (1972) used stress drops for earthquakes in areas outside the rift in southern Africa to suggest higher stress there than inside the rift to the north. They also point out that volcanism is older in Ethiopia than in Kenya, suggesting that the Eastern rift may have grown southward during its formation.
The large number of earthquakes that occurred in the Lake Kariba area shortly after its infilling may not be strictly attributed to southward rift extension. Fairhead & Girdler (1969 , Gupta, Rastogi & Narain (1972), and Gough & Gough (1970) inferred that events in the area of the lake are due to the load as opposed to regional stresses. A catalogue of earthquakes prepared in 1963 by Gorshokov shows that no earthquakes were reported in this region prior to the infilling of the lake (Gupta 1972) . With the exception of four events, all epicenters lie in the valley which contains the lake (Gough & Gough 1970) , with 12 events forming an unusually tight cluster just below the dam where the water is the deepest (Fairhead & Girdler 1969) . It is also significant to note that there is a remarkable correlation between the maximum lake filling due to seasonal rains, and the more recent earthquakes (Fairhead & Girdler 1969) . The spatial and time distribution of these events suggests that they are largely, if not totally, due to the presence of the lake. These events, therefore, are not suitable to demonstrate rift extension, but are consistent with the rift hypothesis. Our steeply dipping NE-SW striking mechanisms support the southward rift extension theory by confirming ENE-WNW tension. The 1968 May 15 event is of particular interest. As previously mentioned, our final mechanism is a high angle normal fault with a focal depth of 28 km. The high angle of faulting for this event suggests that high deviatoric extensional stresses extend to great depths, while abnormally high crustal temperatures are reflected in the region's high heat flow. It is very likely that this event occurred below the brittlelductile transition zone. Meissner & Strehlau (1982) , and Strehlau (1985) suggest that very high strain rates are a necessity for an event to occur at mid to lower crustal depths. Strehlau & Meissner (1982) suggest that it is the temperature and not the petrological properties that determines the cut-off depth of seismicity; the orientation of the principle stresses and the The Gumper & Pomeroy crustal model (36 km thick) was used in the inversion and synthetic computations for both Zambia events. The lack of well defined source crustal reverberations made accurate source crustal thickness determination impossible for both events. A thicker crust than that used for the Ethiopia or Zaire events is consistent with the lack of well defined crustal thinning.
South Africa
The geology of the Ceres area does not provide substantial evidence regarding stress orientation. Most of southern Africa is a stable shield area and earthquakes the size of the September 29 event (M = 6.3) are rare. In fact, no previous earthquake in South Africa's recorded history has caused such extensive damage (Green & Bloch 1971 ). An oddity of this event is that the fault plane from the main shock obtained by Green & McGarr (1972) does not coincide with the plane delineated by the carefully studied aftershocks (Green & Bloch 1971) . Green & McGarr (1972) report that there are no inconsistent data and that both nodal planes are well constrained.
Inversion yielded a nearly pure sinistral strike-slip fault with a strike of 124". There was no reported surface rupture. The strike of this fault coincides with that of the Worcester fault zone which has apparently not been active since the Cretaceous (Green & McGarr 1972) .
The P-waves from this event, as previously mentioned, could not be consistently modeled using a point source representation and a simple plane layered structure. The gross crustal structure in the area of the source is dominated by a seaward thinning crust to the SSW-SE, and the Karroo basin to the NE. Fig. 12 illustrates how scattering caused by a dipping interface distorts P-waves recorded at stations on opposite sides of a nodal plane. We used a 31 km, 3 layer crustal model with planar layers and a seaward rising Moho (dip = 10'). While this figure does not strictly explain the waveform distortions recorded at the stations to the NE, it does illustrate how dramatically a simple 2-D structure scatters P-waves radiated from a strike-slip source. The curved structure of the Karroo basin, located to the NE, may be the cause of P-wave distortions observed at stations in that direction. Since there are few studies of crustal heterogeneities in this area, we cannot determine a causal structure which produces the exact waveform changes observed. However, this analysis suggests that lateral heterogeneities in the source crust are a plausible explanation of the effects observed. Other possible reasons for the unmatched waveforms are radiation pattern interference due to multiple sources, or directivity effects.
CONCLUSIONS
Our results are consistent with past studies in that eastern Africa is undergoing extension from the Afar region to approximately 25"s. The fault plane striking 327" and dipping 69"NE has been chosen as the primary plane for the Ethiopia event based on observed surface rupture. This mechanism suggests the Afar area is undergoing extension in a NNE-SSW direction. Our thinned crust (27 km) provides more evidence for crustal extension in this region.
The Zaire mechanisms substantiates the accepted view that this area is undergoing crustal extension. Abundant geophysical evidence is making southward rift extension a viable theory. The large, deep, high angle normal fault of May 15, 1968 (Zambia) demonstrates that stress accompanied by high strain rates extends, at the least, throughout the entire crust. Distorted P-waves from the nearly pure strike-slip September 29, 1969 South Africa event demonstrate the existence of complex crustal structure in the area of the event, or complexities in the mechanism itself.
